The physical mechanism of the interface states in layered structures consisting of single-negative metamaterials is investigated using a simple resonant cavity model. We found that the interface states and their corresponding tunneling transmission modes appeared when the resonant condition is satisfied. Such resonant condition depends on the phase changes inside the resonant cavity. Based on these results, we proposed an efficient method to precisely predict the frequencies of the tunneling interface states inside the single-negative metamaterial layers. Our method is effective for interface states corresponding to perfect or imperfect tunneling transmission. Composite right/left-handed transmission lines were used to realize the pair and sandwich metamaterial layered structures in the microwave region. Electromagnetic tunneling interface states were observed in the measurements, which agreed well with the theory. Our study offers a way for effectively designing metamaterial devices with novel electromagnetic tunneling properties.
Introduction
Optical interface states, corresponding to the waves confined in the vicinity of the boundary between two optical media, have attracted much attention because of their far-ranging potential applications in near-field subwavelength imaging [1] , optical switching [2] , control of the optical emission [3] , compact lasers [4] , medicine and chemistry [5] [6] [7] , etc. The properties of the optical interface states existing in different kinds of media, such as dielectrics, photonic crystals (PCs), and metals, have been widely studied [8] [9] [10] [11] [12] [13] . Recently, the interface states were suggested to be present in metamaterial layers under certain conditions, which can lead to some novel features [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Metamaterials are artificial materials engineered to have ability to precisely control the dispersion and propagation of electromagnetic (EM) waves. Through variation of the subwavelength structural units, metamaterials allow for the tunability of permittivity ε and permeability µ that can span positive, negative, and near-zero values [23] . Therefore, singlenegative (SNG) materials with specific negative value of ε or µ can be artificially realized. SNG metamaterials can be divided into two types, epsilon-negative (ENG) material whose ε is negative, and mu-negative (MNG) material whose µ is negative. When several SNG metamaterials are brought together to form layered structures, special interface states with tunneling, localizing, and resonant enhancement phenomena may be observed [17] [18] [19] [20] [21] [22] . Although some studies discussed the methods to determine when these interface states appear [21, 22] , they only mathematically focused on the complete tunneling cases with perfect transmission. Hence a more general theory to explain the appearance and the properties of the interface states in SNG metamaterial layers would be of interest.
In this paper, we study the physical mechanism of the interface states in SNG metamaterial layered structures using a resonant cavity model. According to such a model, an efficient way is proposed to precisely design the frequencies of the interface states using the phase changes inside the resonant cavity. Pair and sandwich SNG structures were fabricated and measured to verify our theory.
Model, theory and simulations

Resonant condition for SNG resonant cavity
Quantum mechanics brought forward the concept of particle tunneling that wave or particles may propagate through classically impenetrable barriers. Similar phenomena can be found in optics such as tunneling in the guise of frustrated total internal reflection, whereby evanescent optical fields penetrate across an air gap between two adjacent glass prisms, giving transmission of light beyond the critical angle for total internal reflection [24] . By drawing an analogy between optics and quantum mechanics (it can be considered although there is no exact equivalent to a potential for photons) [24], we consider a photonic well (by analogy to quantum well) formed by two opaque SNG metamaterial barriers, as shown in Fig. 1 . Suppose the width of the well is l. After propagating through the well, a wave will gain a phase change φ = nlω/c, where n is the refractive index of the medium inside the well, ω is the angular frequency, c is the speed of electromagnetic wave in vacuum. We use φ 1 (ω) and φ 2 (ω) to represent the phase changes upon reflection from the left surface 1 and the right surface 2, respectively. In this case, the resonant condition of the structure can be written as
where m is a integer. If the resonant condition is satisfied, a resonant enhancement will be observed, the EM wave can tunnel through the paired "photonic barriers" and an interface state forms. When the width of the photonic well decreases to be zero, φ becomes zero and Eq. (1) becomes
In this case, whether the interface state appears or not only depends on the values of φ 1 (ω) and φ 2 (ω 
The reflection phase changes can be obtained from Eq. (4). After getting the values of φ 1 (ω) and φ 2 (ω), one can obtains the number and the frequency positions of the tunneling interface modes. In the following sections, bi-and tri-layer SNG systems will be discussed.
Pair SNG layered system
We first consider a SNG bilayer system consisting of an ENG layer and a MNG layer with the thicknesses of 30 and 40 mm, respectively. Such a system can be regarded as a photonic well formed by sandwiching a zero thickness medium between an ENG barrier and a MNG barrier. We use a lossless Drude model to describe the dispersion of the metamaterials [18-21], that is
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for MNG material layer. ω ep and ω mp represent the electronic plasma frequencies and the magnetic plasma frequency, respectively. In this paper, our studies focus on the gigahertz range. Here we choose ω ep = ω mp = 10 GHz [18,19]. Figure 2 (a) shows the transmittance and the phase changes as a function of frequency in the considered structure. In this case, the two metamaterial layers have a common SNG frequency range in about 0 ~1.60 GHz, within which they can both be seen as SNG material layers. As shown in Fig. 2 , a tunneling transmission mode appears at 0.796 GHz. Such a transmission mode with the transmittance about 0.80 is not a perfect tunneling mode. It can also be seen from Fig. 2 that both φ 1 (ω) and φ 2 (ω) increase as the frequency increases. The value of φ 1 (ω) + φ 2 (ω) equals zero at frequency 0.796 GHz, which means that the resonant condition of Eq. (2) is satisfied at frequency where the transmission mode exists. The electric field distribution corresponding to the transmission mode is also shown by the inset in Fig. 2 . Strong field localization can be observed at the interface between ENG and MNG materials, which verifies that such a transmission mode is a surface plasmon mode. Therefore, from the resonant condition, one can obtain the frequency of the interface state of the SNG pair structure, even though the interface state does not correspond to a complete tunneling. 
Sandwich SNG layered system
Next, we turn to the sandwich SNG structure. A symmetrical ENG-MNG-ENG layered structure is discussed first. Here, the considered system can be seen as possessing two barriers, the left ENG barrier and the right MNG-ENG barrier. In this section, we fix the thicknesses of the ENG layers as 30 mm. Figure 3 shows the transmission spectra and the phase change φ 1 (ω) + φ 2 (ω) of the considered structure for different thickness of the MNG layer. As shown in Fig. 3(a) , two tunneling transmission modes appear at 0.5305 GHz and 1.2066 GHz, where the resonant condition is satisfied since φ 1 (ω) + φ 2 (ω) = 0. The electric field distributions corresponding to the two tunneling modes are shown in the inset of Fig.  3(a) , where the fields are mainly localized at the interfaces between the SNG materials. With the increase of d MNG , the two interface states become closer and closer, and finally merge into each other as shown in Figs. 3(b)-3(d) . It is noted that the resonance condition can certainly be satisfied at frequencies where the interface states appear.
The variation of the tunneling interface states shown in Fig. 3 can be understood as the result of the interaction of the surface plasmons. Surface plasmon polaritons may occur at interfaces where either permittivities or permeabilities of the two adjacent effective media have opposite signs [27] . Therefore, the interface between an ENG and a MNG material can support the surface plasmon resonance under certain condition. The considered ENG-MNG-ENG structure can be regarded as the cascade of two separate cavities, ENG-MNG and MNG-ENG. Since the sandwich structure is symmetrical, each of the ENG-MNG cavity and the MNG-ENG cavity supports the plasmon resonance at the same frequency. When these two cavities are placed together, the cavity plasmons interact with each other. This interaction results in the splitting of the original plasmon resonant mode into two new modes: the lower energy "bonding" plasmon and the higher energy "antibonding" plasmon [28, 29] . The strength of the interaction of the cavity plasmons depends on the distance between the resonant cavities, i.e. the thickness of the MNG layer. As the thickness of the MNG layer increases, the plasmon interaction weakens, the frequency interval between the plasmon modes decreases. When the MNG layer is thick enough, the plasmons interaction is so weak that the two plasmon resonant modes become degenerate.
Similar tunneling interface states can be found in MNG-ENG-MNG structures. Such merging phenomena of the tunneling interface states may be used for designing doublechannel filters. The frequencies and frequency interval of the transmission channels can be designed using the resonant condition based on the phase changes. 
Experiements and discussions
Design and fabrication for SNG metamaterials
Up to now, there are two main approaches to realize SNG metamaterials: resonant structures made of arrays of wires and split-ring resonators [30-32] and nonresonant transmission line (TL) structures made of lumped elements [16, 17, 33, 34] . The TL approach towards metamaterial with left-handed and right-handed attributes, known as composite right/lefthanded transmission line (CRLH TL), presents the advantage of lower losses over a broader bandwidth. SNG material can be realized in the frequency range between the right-handed passband and left-handed passband of the CRLH TL. The CRLH TL is fabricated by the repetition of the TL unit cell, which consists of a host transmission line with lumped elements of series capacitors C and shunt inductors L [16, 33]. When the average lattice constant l c is much smaller than the guided wavelength λ g , the structure exhibits a macroscopic behavior which can be rigorously characterized in terms of the constitutive parameters ε and µ. In practice, l c < λ g /4 can be considered as the sufficient condition for the validity of homogeneous approximation [31] . In our experiment, 50Ω TL was used to fabricate CRLH TL which has FR-4 as substrates with thickness h = 1.6 mm and relative permittivity ε sub = 4.75. The thickness of copper strip on the FR-4 substrate was t = 0.018 mm. The width of the copper strip was w = 2.945 mm corresponding to the characteristic impedance of Z 0 = 50.
For a one-dimensional CRLH TL, the constitutive parameters can be obtained by mapping the telegrapher's equations to Maxwell equations [33], the effective relative permittivity and permeability are given by the following approximate expressions
where C 0 and L 0 represent the distributed capacitance and inductance of the host TL, j represents the type of the CRLH TLs, and p is a structure constant which is given by Fig.  4(a) . The simulated (by Advanced Design System (ADS)) and measured (by Agilent 8720ES S-parameter Network Analyzer) S parameters for A 12 are shown in Fig. 4(b) . S 21 is the transmission coefficient through the transmission line. It is seen that both ε A and µ A are positive when the frequency is higher than 2.21 GHz, and a corresponding right-handed double-positive (DPS) passband exist in Fig. 4(b) . On the other hand, both ε A and µ A are negative when the frequency is lower than 1.47 GHz and a corresponding left-handed doublenegative (DNG) passband can be observed. In the frequency range 1.47 ~2.21 GHz, ε A < 0 and µ A > 0, TL A 12 is equivalent to an ENG material, a stopband appears since the wave number 11 =2 g k     is imaginary. As shown in Fig. 4(b 12 , and the propagation of EM wave is prohibited when the frequency is lower than this cutoff frequency, as shown in Fig. 4(b) .
Similarly, the values of ε B and µ B , and the simulated and measured transmission spectra for TL B 12 are shown in Figs. 4(c) and 4(d), respectively. It can be seen that a stop band corresponding to ε B > 0 and µ B < 0 appears in the frequency range 1.53 ~2.17 GHz. TL B 12 can be equivalent to a MNG material within such stop band. Consequently, both TLs A 12 and B 12 can be regarded as homogeneous SNG materials in frequencies between 1.53 and 2.17 GHz. Fig. 4 . Calculated effective permittivity and permeability, and the simulated and measured S parameters of the CRLH TLs A12 and B12, respectively.
Experiment and simulations on the SNG pair system
Next, we investigated the properties of SNG pair structures using the CRLH TL structure. Figure 5 is the photograph of the fabricated A 6 B 6 pair structure. The simulated and measured S parameters of this structure are shown in Fig. 6(a) . The grey shaded areas represent the common SNG frequency region of both TLs A and B. Figure 6(b) shows the simulated value of φ 1 (ω) + φ 2 (ω) as a function of frequency. As shown by the simulated results in Fig. 6 , a tunneling interface state appears at 1.88 GHz, where the resonant condition φ 1 (ω) + φ 2 (ω) = 0 is satisfied. The measured results are in accordance with the simulated ones except that some attenuations (about 5 ~10 dB) and deviations exist due to the difference between the ideal and real lumped element components. These results verify that the tunneling interface states in SNG pair structures can be understood using the simple resonant condition. 
Experiments and simulations on SNG sandwich system
Then, experiments were carried out to study the interface states in SNG sandwich layered structures in the microwave region. Four structures A 6 B 2 A 6 , A 6 B 4 A 6 , A 6 B 6 A 6 and A 6 B 12 A 6 were fabricated based on the CRLH TLs, as shown in Fig. 7 . The simulated and measured S parameters, together with the sum of the reflection phase changes φ 1 (ω) + φ 2 (ω) for different structures, are shown in Fig. 8 . As shown by the simulation results in Figs. 8(a) and 8(b), two tunneling interface states appear in structure A 6 B 2 A 6 at 1.59 GHz and 2.19 GHz, respectively. As the length of MNG layer increases from B 2 to B 4 then to B 6 , the two interface states inside the sandwich structures become closer and closer, and finally merge into each other at frequency 1.88 GHz when the unit number of TL B equals 12, as shown in Fig. 8 . The experiment results agreed well with the simulations. It is also noted that, within the common SNG frequency region, the sum of the reflection phase changes φ 1 (ω) + φ 2 (ω) = 0 as long as the interface states appear. Such results are in good accordance with the simulations in section 2.3. Therefore, the resonant condition can also be used to predict where the tunneling interface states occur in SNG sandwich structures. 
Conclusion
In this paper, tunneling interface states in layered structures composed of SNG metamaterials were theoretically and experimentally investigated using a resonant cavity model. The tunneling interface states appeared when the resonant condition, depending on the phase changes inside the resonant cavity, is satisfied. Such a resonant condition is effective for the interface states with perfect or imperfect tunneling transmission. Based on such results, we obtained an effective method to understand and predict where the interface states emerges in the SNG layers through the properties of the phase changes. Both simulations and experimental measurements for SNG layered structure designs confirmed our theoretical expectation. Our research will be useful for designing metamaterial devices with specific interface states that may lead to unusual features, such as resonance, complete tunneling and transparency.
